Integrin-mediated adhesion to extracellular matrix proteins confers resistance to radiation-or drug-induced genotoxic injury. To analyse the underlying mechanisms specific for b1-integrins, wild-type b1A-integrin-expressing GD25b1A cells were compared to GD25b1B cells, which express signaling-incompetent b1B variants. Cells grown on fibronectin, collagen-III, b1-integrin-IgG or poly-l-lysine were exposed to 0-6 Gy X-rays in presence or depletion of growth factors and phosphatidylinositol-3 kinase (PI3K) inhibitors (LY294002, wortmannin). In order to test the relevance of these findings in tumor cells, human A-172 glioma cells were examined under the same conditions after siRNA-mediated silencing of b1-integrins. We found that b1A-integrin-mediated adhesion to fibronectin, collagen-III or b1-IgG was essential for cell survival after radiation-induced genotoxic injury. Mediated by PI3K, pro-survival b1A-integrin/Akt signaling was critically involved in this process. Additionally, the b1-integrin downstream targets p130Cas and paxillinimpaired survival-regulating PI3K-dependent JNK. In A-172 glioma cells, b1-integrin knockdown and PI3K inhibition confirmed the central role of b1-integrins in Akt-and p130Cas/paxillin-mediated prosurvival signaling. These findings suggest b1-integrins as critical regulators of cell survival after radiation-induced genotoxic injury. Elucidation of the molecular circuitry of prosurvival b1-integrin-mediated signaling in tumor cells may promote the development of innovative moleculartargeted therapeutic antitumor strategies.
Introduction
Adhesion of cells to extracellular matrix (ECM) proteins is mediated by the integrin family of cell adhesion molecules and results in increased resistance to genotoxic stress caused by ionizing radiation and cytotoxic drugs (Vlodavsky et al., 1980; Damiano et al., 1999; Sethi et al., 1999; . This cellular phenomenon, which occurs in both normal and cancer cells, is highly likely to account for clinical problems such as tumor control failure and metastatic spread (Park et al., 2000; Barcellos-Hoff, 2001; Unger and Weaver, 2003) .
The integrin family is comprised of 18 a and 8 b transmembrane subunits that form 24 different a/bheterodimeric receptors for diverse ECM proteins (Hynes, 2002) . Ligand binding to integrins initiates conformational changes in the integrin extracellular domain, integrin clustering and recruitment of cytoskeletal and signaling molecules (Dedhar and Hannigan, 1997; Shimaoka et al., 2002) . Besides structural functions, integrins transduce signals for the regulation of, for example, cell survival and proliferation in an outside-in and inside-out manner (Giancotti and Ruoslahti, 1999; Schwartz and Assoian, 2001; Watt, 2002; Brakebusch and Fa¨ssler, 2003) .
Integrin signaling is facilitated through respective types of splice variants expressed (Sakai et al., 1998; Armulik, 2002) . Two splice variants in the b1-integrin cytoplasmic domains, b1A and b1D, display two conserved NPxY motifs. These motifs are involved in the inside-out activation of integrins (Pfaff et al., 1998; Tadokoro et al., 2003) and the outside-in stimulation of focal adhesion kinase (FAK) . The b1B variant integrin lacks the carboxy-terminal half of b1A, which includes the NPxY motif, and thus represents an inactive conformation resulting in adhesion but not signaling competence.
For intracellular signaling, the kinase-lacking cytoplasmic integrin domains have to recruit cytoplasmic protein kinases and adaptor elements such as nonreceptor bound FAK (Schaller, 2001) , b1/b3-integrinbound integrin-linked kinase (ILK) (Hannigan et al., 1996) , and Rho family members like Rac and Cdc42 (Schwartz, 1997; Kinbara et al., 2003) . FAK interacts with p130Cas, paxillin and Src (Hanks and Polte, 1997; Parsons, 2003) . Tyr397-dependent stimulation of FAK and recruitment of Src results in the efficient tyrosine phosphorylation of additional sites on FAK as well as the FAK-binding proteins p130Cas and paxillin (Owen et al., 1999; Schaller et al., 1999) . Tyr925 phosphorylation of FAK and Tyr416-phosphorylated Src recruit Grb2, which provides a connection to the proliferationregulating Ras/mitogen-activated protein kinase (MAPK) pathway (King et al., 1997) . In addition, FAK phosphorylated p130Cas-Tyr410 and paxillinTyr31 and -Tyr118 stimulate Crk binding for complex formation (Parsons, 2003) . A critical downstream target of this complex is c-Jun N2-terminal kinase (JNK), which is known to participate in the cellular stress response after genotoxic injury (Dent et al., 2003) .
b1-integrins also activate the survival-regulating phosphatidylinositol-3 kinase (PI3K)/Akt signaling axis. Fornaro et al. (2000) and Velling et al. (2004) have shown that Akt-Ser473 phosphorylation is stimulated by b1A-integrins in a FAK-and Src-independent but PI3K-dependent manner. Thus, PI3K is a critical regulator of both integrin and growth factor receptor signaling (Khwaja et al., 1997) . Its inhibition has shown cellular sensitization to genotoxic injury (Dent et al., 2003) . However, to date, these effects have mainly been attributed to growth factor receptor-mediated but not integrin-mediated signaling cascades.
To evaluate the role of b1-integrins for cell survival and to distinguish b1-integrin/Akt signaling from growth factor receptor/Akt signaling, we used murine fibroblastoid GD25 cell populations that express physiological levels of either wild-type b1A-(GD25b1A) or mutated b1B-integrins (GD25b1B). The cells were grown on various substrates in the presence or depletion of growth factors or PI3K inhibition and exposed to Xrays. Confirmatory experiments for b1-integrin's role in radiation survival of transformed cells were performed in human A-172 glioma cells.
Materials and methods

Antibodies and reagents
The following mono-or polyclonal antibodies were purchased from commercial sources: Anti-SAPK/JNK, anti-Akt-Ser473, anti-paxillin-Tyr118, anti-p130Cas-Tyr410 (Cell Signaling, Frankfurt a. M., Germany), anti-FAK, anti-FAK-Tyr925, anti-FAK-Tyr397, anti-b1-integrin, anti-BrdU (BD, Heidelberg, Germany), anti-Akt, anti-Akt-Thr308 (Acris Antibodies GmbH, Hiddenhausen, Germany), anti-p130Cas (Biomol, Hamburg, Germany), anti-phospho-JNK (Santa Cruz, Heidelberg, Germany), anti-b1-integrin (KMI6; BD PharMingen, Heidelberg, Germany), anti-paxillin-Tyr31, anti-paxillin, antib-actin (Sigma-Aldrich GmbH, Taufkirchen, Germany). For protein detection, specific horseradish peroxidase-conjugated goat anti-rabbit and rabbit anti-mouse antibodies were purchased from Santa Cruz (Heidelberg, Germany). ECL reagent was from Amersham (Freiburg, Germany). FITCconjugated anti-b1-integrin IgG (b1-IgG) antibodies were from Dako (Hamburg, Germany). Fibronectin (FN) was from BD (Heidelberg, Germany), collagen-III (ColIII) and LY294002 from Calbiochem-Novabiochem GmbH (Bad Soden, Germany) and poly-l-lysine (PLL) and wortmannin from Sigma-Aldrich GmbH (Taufkirchen, Germany). 5-Bromo-2-desoxyuridine (BrdU) was from Serva (Heidelberg, Germany), RNase A type III-A from Sigma-Aldrich GmbH (Taufkirchen, Germany) and pepsin 0.7 FIP-U from Merck (Darmstadt, Germany).
Cells
The GD25b1A cells were a generous gift from Dr Fa¨ssler (Department of Molecular Medicine, Max-Planck Institute of Biochemistry, Martinsried, Germany) and have been described previously (Fa¨ssler et al., 1995) . The GD25b1B cells were kindly provided by Dr Velling (Department of Medical Biochemistry and Microbiology, The Biomedical Center, Uppsala University, Sweden). The GD25 cells are fibroblasts derived from b1 null stem cells. GD25b1A and GD25b1B mutant cell lines were derived from GD25 cells upon stable transfection with cDNAs encoding the murine integrin subunit b1A and b1B, respectively . These b1-integrin splice variants were expressed at similar levels. The human glioma cell line A-172 was purchased from the American Type Culture Collection (Rockville, Maryland, USA). Cells were cultured in Dulbecco's modified Eagle's medium (GIBCO, Karlsruhe, Germany) containing Glutamax-I (L-alanyl-L-glutamine), sodium pyruvate, 4500 mg/ml glucose, and pyridoxine supplemented with 10% fetal calf serum (PAA, Linz, Austria) and 1% nonessential amino acids (GIBCO, Karlsruhe, Germany) at 371C in a humidified atmosphere containing 10% CO 2 . The pH of the medium was 7.4. Where indicated, serum starvation of cells was performed using medium/nonessential amino acids without serum. For all experiments, asynchronous growing cell cultures were used.
Integrin analysis by flow cytometry
The expression level of transfected b1-integrins was measured by FACS analysis. Staining with FITC-conjugated b1-IgG antibodies was achieved for 1 h at room temperature. Finally, prepared cells were resuspended and the FL1 (green fluorescence) was measured using a FACS Calibur (BD, Heidelberg, Germany) equipped with a CELLQuest software.
Radiation exposure
Irradiation was delivered at room temperature using single doses of 240 kV X-rays (Isovolt 320/10; Seifert, Ahrensburg, Germany) filtered with 3 mm Beryllium. The absorbed dose was measured using a Duplex dosimeter (PTW, Freiburg, Germany). The dose-rate was approximately 1 Gy/min at 13 mA. Applied doses ranged from 0 to 6 Gy.
Colony formation assay
The colony formation assay was applied for measurement of substratum-dependent clonogenic cell survival as previously described . Single cells were seeded onto FN-, ColIII-, PLL-or b1-IgG-precoated (all at 1 mg/cm 2 ) six-well dishes 24 h prior to irradiation (0-6 Gy). Where indicated, cells were serum-starved for 16 h in the presence or absence of PI3K inhibitors LY294002 (10 mM) or wortmannin (50 nM). After 8 days, cells were stained with Coomassie blue and colonies greater 50 cells were counted.
Adhesion assay
Cell adhesion to FN, ColIII or b1-IgG was studied according to a method described previously (Cordes, 2004 
Cell cycle analysis
At 24 h after seeding on PLL, FN or b1-IgG, 10 6 cells were incubated with 10 mM BrdU for 10 min prior to harvesting with trypsin/EDTA. Cells were washed with PBS and fixed in 80% ethanol until use. Then cells were prepared for analysis by incubation with RNase A type III-A, pepsin 0.7 FIP-U, and HCl solutions. Subsequently, probing BrdU with mouse antiBrdU and anti-mouse antibodies and total DNA staining with propidium iodide solution was accomplished. Acquisition of data for 10 4 events was performed with the means of a FACS Calibur. The distribution of cells in the different phases of the cell cycle was analyzed from the DNA-dot-blots and -histograms using CELLQuest software. Experiments were repeated three times.
Small interfering RNA (siRNA) transfection against b1-integrin The sequence of b1 -integrin siRNA was selected based on a method described previously (Elbashir et al., 2002) . The target sequences that effectively mediated silencing of b1-integrin expression were 5 0 -AATGTAACCAACCGTAGCA-3 0 (b1/1) or 5 0 -GCGCATATCTGGAAATTTG-3 0 (b1/2) (sense sequences) and have been published previously . The 21-nucleotide synthetic siRNA duplex was prepared by MWG Biotech AG (Ebersberg, Germany) based on Dharmacon 2 0 -ACE technology. A-172 cells were transfected with the b1-integrin siRNAs or a 21-nucleotide irrelevant RNA Duplex II as a control using oligofectamine (Invitrogen GmbH, Karlsruhe, Germany). Depletion of b1-integrins was confirmed by Western blotting.
Total protein extractions and Western blotting After LY294002 (10 mM) or wortmannin (50 nM; 100 nM for A-172 cells) incubation or serum starvation, cells grown on FN or b1-IgG were harvested by scraping and lysed using modified RIPA-buffer (50 mM Tris-HCL (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail complete s (Roche, Mannheim, Germany), 5 mM sodium vanadate, 5 mM sodium fluoride). Amounts of total protein extracts were determined using BCA assay (Interchim, Montlucon Cedex, France) and samples were stored at À1341C until use. SDS-PAGE was employed and proteins were transferred onto nitrocellulose membranes (Schleicher and Schu¨ll, Dassel, Germany) . Probing and detection of specific proteins was performed with indicated primary and secondary antibodies and ECL.
Cell proliferation assay A-172 cells were seeded at a density of 25 Â 10 4 in 75-cm 2 FNprecoated cell culture flasks. Cells were serum starved overnight, treated with 10 mM LY294002 or left untreated. After 2 Gy, cells were allowed to grow for 7 days before harvesting and counting using a Z2 Beckman Coulter (Krefeld, Germany).
Statistical analysis
Mean7s.d. of surviving fractions, cell adhesion, cell cycle distribution, cell numbers and protein phosphorylation were calculated with reference to untreated controls defined as 1.0. To test statistical significance, analysis of variance (ANOVA) was performed using the data of three independent experiments. Results were considered statistically significant if a P-value of less than 0.05 was reached.
Results
Role of b1-integrins for cell survival after genotoxic injury Colony formation assays were performed to examine b1-integrin dependence of cell survival after radiationinduced genotoxic injury in presence or depletion of serum. Cell surface expression of both b1A-and b1B-integrin variants, differences in cell adhesion capability to different substrates as well as cell cycle distribution were assessed to exclude a significant impact of these parameters on radiation cell survival and signaling.
b1-integrin-expressing GD25b1A cells grown on PLL, FN, ColIII or b1-IgG showed similar radiation sensitivity in the presence of serum as compared with mutant b1-integrin-expressing GD25b1B cells ( Figure 1a ). GD25b1A FN cultures revealed a moderate but not significant elevation of radiation survival at 2 Gy. Most interestingly, serum-starved GD25b1A cultures grown on FN, ColIII or b1-IgG demonstrated no changes in radiation sensitivity as compared to cells irradiated in the presence of serum ( Figure 1a ). In contrast, growth factor withdrawal significantly (Po0.05) radiosensitized GD25b1A cells on PLL and GD25b1B cells on all substrates tested ( Figure 1a) . By comparing adhesion/ signaling-competent GD25b1A with adhesion competent/signaling-defective GD25b1B cells, the data show that the contribution of b1-integrins for survival regulation after genotoxic injury is clearly signalingbut not adhesion-dependent. Further, these findings favor coordinated crosstalk between integrins and growth factor receptors for regulation of cell survival after genotoxic stress. However, the exact interactions of these receptor types have to be explored in future studies.
Flow cytometric analysis of b1A-or b1B-integrin cell surface expression demonstrated no significant differences in the mean fluorescence intensities of b1A-(279.41723.11) versus b1B-integrins (298.19717.65) ( Figure 1b) .
As shown in Figure 1c , the capability of b1A-and b1B-integrin expressing cells to adhere to FN, ColIII or b1-IgG within 1 h was similar and over two-fold higher relative to polystyrene.
Owing to possible modification of cell cycle distribution through cell adhesion to ECM proteins, which could affect radiation sensitivity, cell cycle analysis was performed using BrdU/propidium iodide co-labeling. There appeared a significant (Po0.05) increase of GD25b1B but not GD25b1A cells in the G1-phase under serum depletion, which was accompanied by a b1-integrins promote radiation survival N Cordes et al significant (Po0.05) decrease of S-phase cells ( Figure 1d ). This redistribution could also be observed in serum-starved PLL-or b1-IgG-grown GD25b1B cells. As cells in G1 are generally less radiation sensitive, these observations lack significance to explain the discrepancy in radiation survival between GD25b1A and GD25b1B cells.
Inhibition of Akt by PI3K inhibitors affects radiation survival in a b1-integrin-dependent manner Owing to a critical role of Akt in cell survival and the reported activation of Akt by b1-integrins (Velling et al., 2004) , we sought to examine whether these PI3K-dependent interactions are important for cell survival after genotoxic injury. Colony formation was determined on different b1-integrin substrates with or without LY294002-or wortmannin-mediated inhibition of PI3K. LY294002 and wortmannin treatment resulted in a significant (Po0.01) reduction of GD25b1A cell survival after 6 Gy as compared to untreated or DMSOtreated cultures ( Figure 2a ). This effect was similar on FN, ColIII or b1-IgG and independent from growth factor presence or depletion. In serum-grown GD25b1B cultures, however, LY294002 and wortmannin showed pronounced effects on radiation survival reduction relative to GD25b1A cultures. Irradiation in the presence of serum decreased GD25b1B cell survival to the same extent as irradiation under serum starvation (Figure 2a) . Thus, we hypothesize that, in addition to PI3K/Akt signaling, further PI3K-independent prosurvival b1-integrin-mediated signaling pathways are involved in GD25b1 A radiation survival.
Using Akt phosphorylation as an indicator for effective PI3K inhibition, both LY294002 and wortmannin abolished phosphorylated Ser473 and Thr308 of Akt in the murine fibroblasts (Figure 2b ). In agreement with Velling et al. (2004) , GD25b1B cells showed slightly higher basal Akt phosphorylation relative to GD25b1A cells (Figure 2b ). Most interestingly, only BlA-integrins were able to completely compensate depletion of growth factors with regard to Akt stimulation (Figure 2b ). These data strongly support our hypothesis that additional b1-integrintriggered prosurvival signaling cascades exist, which interact with growth factor receptor-mediated signaling cascades.
To assess the reactivity of Akt and its phosphorylating enzymes on radiation, cells were irradiated with 2 Gy. In both GD25b1A and bIB cells Akt was strongly phosphorylated on amino-acid residue Ser473 after irradiation (Figure 2c ).
b1-integrin-mediated activation of the FAK signaling axis b1-integrins transduce survival signals not exclusively via PI3K/Akt but also via FAK, that tightly interacts with paxillin and p130Cas. Formation of a ternary FAK/paxillin/p130Cas/Src complex facilitates activation of multiple downstream survival and proliferation cascades including JNK and MAPK (Hanks et al., 2003) . Here, we sought to correlate differential FAK, paxillin, p130Cas, and JNK phosphorylation and expression with b1-integrin expression and PI3K inhibition.
Total FAK was reduced by PI3K inhibition leading to a relative Bfourfold increase in Tyr925 and Tyr397 phosphorylation (Figure 3a and b) . This relative induction indicates that the expression and phosphorylation of FAK are controlled by two distinct mechanisms. FAK-Tyr397 autophosphorylation and -Tyr925 phosphorylation were mainly regulated by integrin-mediated adhesion. Owing to defective FAK activation, GD25b1B cells showed attenuated Tyr397 and Tyr925 phosphorylation relative to GD25b1A cells.
Paxillin is reduced in GD25b1A FN and b1-IgG cultures under PI3K inhibition (Figure 3 ). This resulted in a relative Bsixfold or B1.5-fold increase in Tyr118 or Tyr31 phosphorylation of paxillin, respectively ( Figure  3a and b). Serum starvation induced Tyr118 and slightly attenuated Tyr31 phosphorylation in a PI3K-dependent manner. GD25b1B cells showed moderate decline of total paxillin, while both Tyr118 and Tyr31 residues were strongly dephosphorylated under serum depletion or PI3K inhibition (Figure 3a and b) .
Concerning p130Cas, serum starvation or PI3K inhibition induced phospho-p130Cas-Tyr410 by Bthreefold in b1A-integrin expressing cells while Tyr410 was markedly dephosphorylated in b1B-integrin-expressing cells (Figure 3a and b) . Thus, p130Cas and paxillin were similarly modified but the underlying mechanisms that could argue for an identical regulatory pathway are currently unclear.
JNK activation was regulated in an inverse manner relative to paxillin and p130Cas (Figure 3a and b) . A Bfourfold increase in phospho-JNK was detectable in GD25b1A FN and b1-IgG cultures under PI3K inhibition. GD25b1B cells already showed a B20-fold induction of phosphorylated JNK under serum withdrawal, an increase that remained unchanged under LY294002 or wortmannin (Figure 3a and b) . These data implicate tight regulatory interactions of p130Cas, paxillin and JNK under the control of both b1-integrin and PI3K. The data favor additional b1-integrin-dependent prosurvival signaling pathways and/or coordination with specific growth factor receptor-mediated pathways, which should be considered in the cellular survival response after genotoxic injury.
Next, the most proximal protein kinase to b1-integrin, FAK, and a far downstream cell survival effector, JNK, were analyzed after irradiation. While total FAK and JNK levels remained stable, Tyr925 of FAK was induced under serum presence or depletion in irradiated GD25b1A and GD25b1B b1-IgG cultures (Figure 3c ). JNK phosphorylation was also strongly elevated by radiation in serum-grown and serum-starved GD25b1A cells and in serum-grown GD25b1B cells. Owing to a high basal JNK phosphorylation in serum-starved GD25b1B cells, irradiation led to no further increase of phospho-JNK (Figure 3c ). G1 S G2 G1 S G2 G1 S G2 G1 S G2 G1 S G2 G1 S G2 G1 S G2 G1 S G2 Cells in cell cycle phases (%)
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b1-integrin silencing sensitizes A-172 glioma cells to radiation-induced genotoxic injury
To evaluate whether the intriguing data generated in murine fibroblasts is of any relevance for human glioblastoma cells, we next sought to examine the role of b1-integrins and b1-integrin-mediated stimulation of Akt in A-172 cells. For this purpose, cells were transfected with siRNA against b1-integrins and subsequently irradiated without or in combination with growth factor withdrawal and PI3K inhibition. Radiation survival of A-172 FN cultures stayed unaltered under serum depletion (Figure 4a) . Following efficient knockdown of b1-integrins using two variants (b1/1, b1/2) (Figure 4b ), A-172 cells showed highly significant (Po0.01) radiosensitization under serum and, to a greater extent, under serum deprivation relative to Duplex-II controls (Figure 4c ). Controls were not influenced by growth factor withdrawal (data not shown).
Analysis of basal cell cycle distribution at the time of irradiation revealed significant (Po0.05) accumulation of FN-adhered b1-integrin knockdown cells in G1 (B70%) with concomitant decrease of the amount of cells in S (B10%) and G2 (B18%) as compared to Duplex-II controls (Figure 4d) .
Blocking of PI3K in b1-integrin knockdown cells resulted in a synergistic and growth factor-dependent cell survival reduction after 2 Gy X-rays in comparison with Duplex-II controls (Figure 4e) .
In Figure 4f , one of the possible consequences of these b1-integrin-, growth factor-, and PI3K-related modifications of proliferation signaling and cell-cycle distribution was analyzed by growth-curve experiments. b1-integrin knockdown demonstrated a potent inhibition of proliferation that could be significantly (Po0.01) enhanced by PI3K inhibition in irradiated cells grown on FN relative to nontransfected and Duplex-IItransfected controls (Figure 4f ).
b1-integrin knockdown disables phosphorylation of Akt in serum-starved A-172 cells
Inhibiting PI3K in A-172 cells using LY294002 or wortmannin was performed to evaluate the impact of b1-integrin on Akt phosphorylation through b1-integrin knockdown.
While Akt-Ser473 phosphorylation remained unaffected under growth factor removal, LY294002 and wortmannin completely abrogated Akt-Ser473 phosphorylation in both A-172 FN and b1-IgG cultures (Figure 5a ). Intriguingly, in b1-integrin knockdown cells as compared to Duplex-II controls, Akt-Ser473 phosphorylation disappeared under growth factor withdrawal, thus, confirming the interdependence of b1-integrin and survival-regulating Akt.
As shown in Figure 5b , radiation induced Ser473 phosphorylation of Akt in Duplex-II and b1-integrin knockdown cells grown on b1-IgG relative to nonirradiated cells. Total Akt expression remained unaffected. These data confirm our findings generated in murine GD25 fibroblasts.
Effects of PI3K inhibition on p130Cas, JNK, Src and MAPK phosphorylation in b1-integrin knockdown A-172 cells FAK downstream targets p130Cas, JNK, Src and MAPK were examined in A-172 cells after b1-integrin knockdown. To evaluate the role of PI3K in the regulation of these molecules, cells were serum-starved or exposed to PI3K inhibitors LY294002 or wortmannin.
Overall, A-172 cells showed great similarity to murine fibroblasts concerning the regulation of FAK-interacting proteins. Serum starvation but not PI3K deactivation induced p130Cas-Tyr410 by Bthreefold in A-172 FN or b1-IgG cultures. b1-integrin silencing resulted in a complete breakdown of phospho-p130Cas, which was accompanied by an over fivefold activation of JNK (Figure 6a) . In parental or Duplex-II transfected cells, PI3K blockage led to a Bthreefold increase in JNK phosphorylation. Src-Tyr416 and phosphorylated MAPK were also strongly diminished after b1-integrin silencing without changes in total protein expression (Figure 6a ). Src-Ty527 remained unaffected under tested conditions.
The effects of radiation were explored on p130Cas and JNK in A-172 cells. While total expression of both proteins showed no alteration after irradiation, phosphorylation of p130Cas on Tyr410 and JNK were strongly induced (Figure 6b ). Phospho-Tyr410 increased in serum-grown irradiated control cells but showed no changes in b1-knockdown cells with elevated basal levels of phosphorylated p130Cas-Tyr410. Intriguingly, under serum depletion, Duplex-II controls remained unaffected but b1-integrin knockdown cells showed enhanced radiation-dependent induction of phosphorylated p130Cas-Tyr410. JNK phosphorylation was similarly regulated in both cell lines in the presence of serum, although JNK activation showed a more pronounced increase in b1-integrin silenced cells. While control cells exhibited similar data under serum starvation and serum presence, b1-integrin knockdown led to a high basal JNK phosphorylation status, which was not altered after radiation-induced genotoxic injury (Figure 6b ).
Discussion
Integrin-mediated cell adhesion to ECM proteins is essentially involved in survival regulations of normal but also of certain transformed cells (Damiano et al., 1999; Sethi et al., 1999; . Established in adhesion-suspension assays for the examination of the cell detachment-related cell death type, termed anoikis (Martin and Vuori, 2004) , the prosurvival function of specific integrin subunits such as b1 and b3 is well known (Oguey et al., 2000) . In contrast to these acute and transient adhesion-and spreading-related processes, the role of b1-integrin and its downstream signaling in matrix adhered and exponentially growing cells is still unsolved in detail.
b1-integrins promote radiation survival N Cordes et al
In the present study, we explored the influence of the b1-integrin subunit on cell survival after radiationinduced genotoxic injury. The underlying mechanisms might be of utmost importance for the understanding of cell adhesion-mediated drug and radiation resistance and thus advancement of anticancer therapies. We demonstrate, for the first time, that (i) b1-integrins and particularly their cytoplasmic domains are essential for proper signaling for cell survival after genotoxic injury; (ii) these b1-integrin-mediated survival events involve b1-integrins promote radiation survival N Cordes et al PI3K/Akt under serum presence or depletion; (iii) both serum deprivation and PI3K inhibition induce phosphorylation of Tyr410-p130Cas and Tyr118-paxillin, which can be linked to hypophosphorylated cell deathregulating JNK; (iv) the survival and biochemical data obtained in differentially b1-integrin expressing GD25 murine fibroblasts could be confirmed in human A-172 glioma cells modified by siRNA-mediated b1-integrin silencing; (v) the radiation-induced changes in protein phosphorylation under serum presence or withdrawal are comparable in murine fibroblasts and human A-172 glioma cells. Identifying b1-integrins as prosurvival regulators after genotoxic injury demonstrates a unique and important role of this integrin subunit. The cellular damages induced by ionizing radiation seem to be efficiently removed by mechanisms regulated by b1-integrins. Evidently, the critical part of b1-integrins is the cytoplasmic domain, which facilitates interactions with downstream signaling cascades. Defective in accurate downstream signaling to and recruitment of various protein kinases including FAK and Akt, b1B-integrins fail to compensate for growth factor depletion. This aspect adds a new facet to mutual and converging integrin-growth factor receptor-mediated signaling (Yamada and Even-Ram, 2002) in that specific integrins might play a role in multidrug resistance. Moreover, evaluation of the role of b1-integrins in the survival response after genotoxic injury under more physiological and pathophysiological conditions strengthens the concept of cooperative integrin-and growth factor receptor-mediated signaling for cell adhesion-mediated radiation resistance.
Recently, Velling et al. (2004) have demonstrated that b1-integrins activate Akt in a PI3K-dependent manner. In irradiation studies, inhibitors of PI3K, as used herein, resulted in radiosensitization of a large panel of normal and transformed mammalian cell lines (Dent et al., 2003) . To date, this effect has been attributed to growth factor receptor-but not integrin-mediated signaling. Here, we are able to provide strong evidence that b1-integrin/Akt signaling could be highly relevant in prosurvival signaling in irradiated cells and that this mechanism is independent on FAK and does not rely on the overwhelming amount of growth factor-mediated stimulation as generally applied under standard cell culture conditions. These assumptions are in agreement with mutational analysis of FAK and b1-integrins (Shen and Schaller, 1999) . Interactions between these molecules are not obligatory for the localization of FAK to focal adhesions and its cell adhesion-mediated tyrosine phosphorylation. Thus, FAK-independent protein-protein interactions between b1-integrin cytoplasmic tails and p130Cas and paxillin might be responsible for survival-benefiting effects in irradiated GD25b1A cells. Although both Kasahara et al. (2002) and Beinke et al. (2003) showed improved radiation survival by FAK overexpression in glioma and lung cancer cells, these former studies did not employ b1-integrin modification to elucidate its interdependence with FAK. Further, we recently reported strong sensitization of human A549 lung cancer cells to ionizing radiation by ILK overexpression (Cordes, 2004) . Consequently, the exact function of ILK and FAK in this context is still elusive.
In addition, pharmacological inhibition of PI3K indicates that the FAK-interacting proteins p130Cas and paxillin efficiently participate in survival regulation after radiation-induced cell damage. Facilitated through complex formation of p130Cas and paxillin with Crk and DOCK180 (Almeida et al., 2000) , JNK is likely to be negatively regulated, thus, representing a Linking these observations to cancer cells, we show a deterministic role of b1-integrins in radiation survival of human A-172 glioma cells. Silenced by siRNA, b1-integrins proved to protect A-172 cells from radiation-induced cell death in a growth factor-and PI3K-dependent manner. Similar to mutant b1B-integrin expressing GD25b1B cells, b1-integrin silencing in A-172 cells delayed cell cycle transition, which was indicated by an elevated number of G1-phase and declined number of S-and G2-phase cells. Further similarity of A-172 b1-integrin knockdown cells to GD25b1B fibroblasts could be detected concerning p130Cas and JNK. In parallel to reduced phosphorylated p130Cas, JNK was strongly increased in serumstarved or PI3K-inhibited b1-integrin knockdown cells.
Relevant in this context are the observations on modification of protein phosphorylation by delivery of a clinically applied radiation dose of 2 Gy. We hypothesize that the basal status of protein expression and activity/phosphorylation, in particular of focal adhesion proteins with low turn-over, is highly critical and provides a working basis for cellular coping mechanisms in case of genotoxic stress. This basal panel of proteins and their phosphorylation/activity is the one the cell seems to use to overcome the radiation damages, which results in a cell-and microenvironment-specific survival. The modification of protein expression and phosphorylation/activity to ionizing radiation affects the whole cell and most, if not all proteins, show increases or decreases in specific phosphorylation after exposure to radiation. Many studies have elucidated the great impact of radiation-induced production of reactive oxygen species and their ability to change phosphorylation patterns of proteins (Cook et al., 2004) . Thus, at this moment it remains largely unclear what the regulatory consequences of radiation-induced changes In summary, our data provide first evidence that b1-integrins are critical regulators of cell survival in response to radiation-induced genotoxic injury. In particular, b1-integrin-mediated prosurvival signaling via PI3K/Akt and p130Cas/paxillin/JNK preserve the cellular integrity under growth factor depletion and in a FAK-independent manner (Figure 7 ). Due to a strong sensitization of human glioma cells to ionizing radiation following siRNA-mediated knockdown of b1-integrins, it can be expected that therapies designed to target this integrin subunit in combination with PI3K may improve anticancer treatment. Model for how b1-integrins regulate cell survival events after genotoxic injury. Ligand binding to b1-integrins stimulates Akt, p130Cas and paxillin in a PI3K-dependent manner. PI3K functions in an inhibitory manner on integrin-and growth factor receptor (GFR)-mediated activation of p130Cas and paxillin but in a stimulatory manner on Akt. The role of FAK in these processes is currently unclear but might be essential for the recruitment of these molecules to the cell membrane and focal adhesions. In particular, pl30Cas/paxillin-mediated inhibition of JNK and b1-integrinmediated activation of Akt impact on cell survival after genotoxic stress.
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